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Abstract  
The specific energy consumption of six different microwave-driven processes and 
equipments has been studied and it was found that the scale used dramatically affects it. 
Increasing the amount of sample employed from 5 to 100 g leads to a reduction in the 
specific energy consumption of 90-95%. When the amount of sample is 200 g or higher, 
the specific energy consumption remains practically constant. This means that to assess 
the real energy efficiency of a microwave-driven process a minimum mass of about 200 
g needs to be used. The energy results can then be easily extrapolated to larger scales. 
Otherwise, a correlation should be used to avoid overestimated energy values and 
inaccurate energy efficiencies. 
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1. Introduction 
 
Microwave energy has attracted increasing interest among the scientific community 
since the late eighties as an alternative method of heating [1, 2]. A good indicator of this 
interest is the evolution in the number of scientific publications in the last thirty years 
(Fig.1). The increase in scientific efforts to develop microwave heating can be attributed 
to the several advantages that this technology offers over conventional heating 
technologies. These include: (i) non-contact heating; (ii) rapid heating; (iii) selective 
heating; (iv) a quick start/stop facility; (v) a high level of safety and automation; and 
(vi) heating from inside the body of the material (i.e., energy conversion instead of heat 
transfer) [1, 3]. All of these advantages have promoted research into the application of 
microwave heating to a wide range of different processes including waste and biomass 
valorization [4], material synthesis [5, 6], metallurgy and mineral processing [3, 7], 
catalysis [8], organic synthesis [9], environmental technology [7, 10], biomass 
extraction [11], etc. 
 
The viability of all these processes is highly affected by their energy costs [12, 13]. 
Lately, several authors have pointed out that the energy efficiency of microwave heating 
could also represent an important advantage over conventional heating technologies [10, 
14, 15]. Yet, in spite of the increasing interest in this technology, there is still very little 
information about its energy efficiency [16]. For example, just a few reports in the field 
of organic synthesis (homogeneous and heterogeneous catalysis) have assessed the 
energy efficiency of the microwave in comparisson with conventional heating. In these 
works, it has been found that a case-by-case analysis is needed, since the conclusions 
vary depending on the reaction studied [13, 17]. Besides these works, not much studies 
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have been published on this aspect of microwave heating (Fig. 1), and some of these are 
inconclusive. Factors like equipment design, the radiation frequency (915 or 2450 
MHz), the mode of heating, the specific power and the scale of the process need to be 
carefully analyzed before conclusions that might favor or weigh against the use of 
microwave energy for a specific process can be drawn. A matter of great importance is 
the scale that is chosen to evaluate the potential of microwave heating. The results of a 
statistical study on this matter can be seen in Fig. 1. To collect the data, Scopus® was 
used as source. A search using the keyword “Microwave heating” limited to the fields 
of Engineering, Chemistry, Material Science, Chemical Engineering, Pharmacology, 
Toxicology and Pharmaceutics, Energy and Environmental Science was carried out, 
excluding those works that included words such as “characterization” or “dielectric 
properties”, with the aim of narrowing the search down to those articles focused on 
applied microwave heating. To construct the pie graph, including the clasification of the 
works and their proportion by sample weight, in addition to the corresponding 
percentage of these proportions from which conclusions about energy consumption are 
drawn, a stratified probabilistic sampling was carried out. The global population of 
works was divided by the year of publication and 10% of the works from each year 
(which approximately account for a total of 1200 articles all randomly chosen) were 
reviewed. The results of this study show that most of the works published to date have 
been performed at lab-scale, employing only a few grams of sample (Fig. 1). However, 
as will be demonstrated in this paper, to draw conclusions about the viability of a 
process based on results obtained at such a low scale can be risky and, depending on the 
amounts of sample used in the experiments, sometimes meaningless. Moreover, 
nowadays most research efforts in this field are focused on the scaling-up of microwave 
processes and the first encouraging results are appearing [12, 13, 18, 19]. For these 
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reasons it is important to determine how the energy consumption of microwave-heated 
processes varies depending on the scale used. This will make a valuable contribution to 
assessing its viability at industrial level. The energy utilization efficiency depends on 
the geometric characteristics of the resonant cavity and the reactor, the design and 
effectiveness of the impedance matching circuit to minimize the reflected power and the 
dielectric properties of the bulk. Actually, when changing the dimensions of the reactor, 
the scattering properties of the system change. Hence, the impedance matching circuit 
to minimize the reflected power will determine the energy efficiency. Nevertheless, 
when no hardware is present to reduce the reflected power, there may be regions in the 
attainable reactor size range, where heat generation and utilization efficiency vary non-
monotonically with varying reactor size [20].  
 
 
Figure 1. Evolution of the number of scientific publications related to microwave 
heating. Distribution of these publications in terms of the mass used in the study and the 
energy conclusions drawn (Source: Scopus®).  
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The goal of this work is to study the variation of the energy expenditure (taking into 
account the absorbed energy, reflected energy and even heating losses) of microwave 
heating as a function of the scale used. For this purpose, an analysis of the energy 
consumption of six different microwave-assisted processes was conducted in an attempt 
to find a general trend with the scale that might be extrapolated to other cases. The 
results obtained will help to assess the viability of microwave-heated processes.  
 
2. Experimental 
 
The following processes were studied: the heating of SiC and the torrefaction of wheat 
straw (adapted from the literature) [21, 22], the heating of water, the synthesis of 
xerogels, the high temperature heating of charcoal and the microwave-assisted grinding 
of metallurgical coke (directly studied in our labs). The experimental methodologies 
and the equipment used (Fig. 2) for these processes are described below.  
 
Water heating. The heating of water was selected since it resembles the 
experimental conditions of many systems used in organic chemistry synthesis [16]. The 
equipment shown in Fig. 2a was used to study the microwave energy consumption of 
the process. The equipment is composed of a multimode microwave oven with a 700 W 
magnetron, using a frequency of 2.45 GHz. The dimensions of the equipment are shown 
in Table 1. The microwave device is also equipped with a thermocouple type K 
connected to a PID controller which controls the amount of power delivered and allows 
the temperature to be monitored and controlled [23]. The amount of energy consumed 
throughout the process was measured by means of a power meter connected to the 
microwave device and recorded on DQ-factory software. Different masses of distilled 
Final	  version	  published	  in	  Chemical	  Engineering	  and	  Processing:	  Process	  
Intensification,	  2015,	  95,	  1-­‐8	  	  
	   6	  
water ranging from 5 to 900 g were heated up to 85 ºC in closed beakers which 
dimensions were proportional to the amount of water used. Once this temperature was 
reached, it was maintained for 15 minutes.  
 
 
 
Figure 2. Equipment used in the: (a) water heating and synthesis of xerogels (1. 
Microwave cavity; 2. Thermocouples; 3. PID temperature controler; 4. power meter; 5. 
Power monitoring software); (b) Coke grinding (1. Microwave cavity; 2. 
Thermocouple; 3. Power meter); (c) High temperature heating of charcoal (1. 
Magnetron; 2. Waveguide; 3. Tuning screws; 4. Microwave cavity - outside; 5. Stirring 
shaft; 6. Microwave cavity - inside). 
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Table 1. Characteristics of the microwave equipment used in the different processes 
studied 
 
Process Heating mode Frequency Power Dimensions (cm) 
Water 
heating - 
Xerogel 
synthesis 
Multimode 2.45 GHz 700 W 
 
H = 24.5 
W = 35 
D = 37 
High 
temperature 
carbon 
heating 
Unimode 2.45 GHz 2000 W 
 
H = 15 cm 
D = 8.5 cm 
Coke 
grinding Multimode 2.45 GHz 700 W 
 
H = 19 
W = 31 
D = 29.5 
 
 Gelation and curing of RF xerogels. The microwave-induced synthesis of 
Resorcinol/Formaldehyde (RF) xerogels is a simple and fast method for preparing well-
developed porous materials. These materials are obtained by the polymerization 
reaction between resorcinol and formaldehyde in the presence of a solvent (Fig. 3). This 
process involves two main stages: i) addition reaction in which hydroxymethyl 
derivatives of resorcinol are formed and, ii) condensation reaction in which the 
hydroxymethyl derivatives are linked by methylene and ether bonds. The microwave 
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energy consumption of this process was studied using the same experimental set-up as 
in the case of the heating of water shown in Fig 2a. Different initial masses of precursor 
solution ranging from 5 to 3000 g were prepared according to the experimental method 
described elsewhere [24]. Briefly, resorcinol (Indspec, 99%) was first dissolved in 
deionized water in an unsealed glass beaker under magnetic stirring. After disolution, 
formaldehyde (Ercros, 37wt. % in water, stabilized by 10-15% methanol) was added 
and the mixture was stirred until a homogeneous solution was obtained. The final pH 
value was adjusted by adding sodium hydroxide until a pH value of 6.5 was attained. 
All xerogels synthesized were prepared at the same pH value in order to ensure the 
same reaction rate and to avoid variations in microwave energy consumption. Each 
solution was placed in the microwave cavity at 85 ºC for 10000 seconds to undergo the 
gelation and ageing stages until a stable solid material was obtained. The textural 
properties of the gels were studied to check if the materials using synthetized different 
masses of precusors were comparable. The results showed that the textural properties of 
the different materials were very similar (Table 2). Moreover, the scale-up has been 
proven by the company Xerolutions, S.L., in a microwave device designed for that 
purpose. It has been found that well-developed porous materials can be obtained if the 
microwave device is correctly designed. Furthermore, materials prepared from both 
microwave devices are comparable and therefore, it has been demonstrated that the 
process is easily scalable. 
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Figure 3. Mechanism of the polymerization reaction between resorcinol and 
formaldehyde (from [25]). 
 
Table 2. Textural properties of the xerogels synthetized from different initial masses of 
precursor.  
Precursor mass 
Surface area, SBET 
 (m2/g) 
Volume of pores 
 (cm3/g) 
Pore size 
(nm) 
200 g 303 0.63 10 
1000 g 353 0.70 11 
20000 g(a) 494 1.05 15 
(a) Data from the industrial process of Xerolutions, S.L. 
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High temperature heating of carbon materials. Certain processes involving 
carbonaceous materials are performed at high temperatures. These include gasification, 
reforming reactions, carbonization, pyrolysis or production of activated carbons [26, 
27]. The energy consumption of these microwave-driven processes was studied using 
the equipment shown in Fig. 2c. The equipment is composed of a microwave magnetron 
operating at 2.45 GHz with a maximum output power of 2 kW connected to a single 
mode waveguide. The waveguide directs the microwave energy towards a resonant 
cavity where the sample is placed. This cavity consists of a ceramic cylinder, which is 
transparent to microwaves, with an internal diameter of 85 mm, a height of 150 mm and 
a thickness of 7.5 mm, in which an overhead stirrer is embedded. Moreover, the cavity 
is insulated to minimize the heat released to the environment. The reflected power is 
almost totally avoided by means of stub tuners to prevent magnetron from damage and 
efficiency reduction. Although the stubs are not able to completely eliminate the 
reflected energy, they are able to minimize it until several orders of magnitude below 
emitted power. Moreover, the reflected power was not detected by sensors 2000 times 
more sensible than the sensors used to measure the emitted power. Therefore, it can be 
assured that the reflected power was less than 0.05% of the emitted power and its 
influence in the energy consumption of the system is negligible. Different amounts of 
charcoal, ranging from 5 to 200 g, were heated up to 900 ºC and maintained at this 
temperature under a N2 atmosphere, after having been previously purged with N2 for 10 
minutes at a flow rate of 0.2 LSTP min-1 to ensure an oxygen-free atmosphere, and so 
characteristic conditions of carbonization or pyrolysis processes. The microwave power 
consumed to keep the charcoal at 900 ºC during 1 h was recorded. 
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Microwave-assisted grinding of metallurgical coke. Certain materials can be 
ground more easily by subjecting them to short pulses of microwave irradiation before 
the grinding process. In this case, metallurgical coke was selected as the model material. 
The experimental procedure has been described elsewhere [28]. In brief, the coke was 
dried in a stove until completely dry. Then it was sieved into four particle size fractions 
(1–2, 2–3, 3–4 and 4–5 mm). To prepare homogeneous samples (total mass sample 
ranging from 5 to 500 g), the four particle size fractions were mixed in equal mass 
percentages (25 wt%). The samples were then treated in the equipment shown in Fig. 
2b. This device is a multimode oven that operates at a constant power of 700 W and a 
frequency of 2.45 GHz. The amount of energy consumed in the process for each mass 
was recorded by means of a watt-hour meter. The samples were subjected to microwave 
pulses to ensure an improvement in their grindability of 25%. The microwave 
irradiation was applied using three pulses of 3 seconds duration each. Thus, 3 s of 
irradiation were followed by 3 s without irradiation, accounting for a total irradiation 
time of 9 seconds for all the samples. The sample was spread in the center of the 
microwave cavity, as homogeneously as possible, over a circular area ranging from 100 
cm2 to 250 cm2, depending on the sample size. The sample was placed on an insulating 
layer of quartz wool. Then, a Retsch MM400 ball mill was used to grind both the 
treated and untreated coke samples. To evaluate the improvement in grindability, the 
portion of particles larger than 1 mm after 3 min of milling, at a frequency of 10 Hz, 
was used as the milling grade indicator. 
 
3. Results and discussion 
Fig. 4 shows the variation in specific energy consumed for each mass of sample in all 
the processes of this study. 
Final	  version	  published	  in	  Chemical	  Engineering	  and	  Processing:	  Process	  
Intensification,	  2015,	  95,	  1-­‐8	  	  
	   12	  
a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
 
Figure 4. Variation of the specific energy consumption with mass for: (a) SiC heating; 
(b) Torrefaction; (c) Water heating; (d) Xerogel synthesis; (e) High temperature heating 
of the carbon material (f) Coke grinding. 
 
As can be seen, the energy consumption differs greatly in each process. In the case of 
the microwave-assisted grinding of metallurgical coke it ranges from 2.5·10-3 to 0.25 
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W·h/g, whereas in the case of the high temperature heating of carbonaceous materials it 
can reach values higher than 100 W·h/g. However, regardless of the type of process, the 
equipment used, the temperatures reached or the amount of energy needed, the variation 
in specific energy consumption follows the same trend in each case. When the 
experiments were performed using the lowest mass, the specific energy consumption 
was extremely high in comparison with the energy consumed when higher amounts of 
mass were used. 
 
At first sight, this result might seem surprising. When conventional heating is used 
(ovens heated with electric resistances or fuel combustion) the walls and the cavity of 
the oven first need to be heated to supply the heat to the sample (heat transfer), resulting 
in excessive energy consumptions when low masses of sample are used (Fig. 5). 
However, when microwave heating is applied, the heat is generated from inside the 
material (energy conversion). Thus, the sample is directly heated, resulting in a much 
greater efficiency, since the energy losses due to the heating of the walls and the cavity 
of the oven are avoided or, at least, diminished (Fig. 5). For this reason, the power 
supplied to the sample can be adapted according to the amount of sample. In spite of 
this heating mechanism, the energy consumed per gram of mass of sample varies a lot 
depending on the amount of sample used. There is a sharp decrease in energy 
consumption from a few grams to about 50-100 g. From this point on, the decrease is 
more gradual. Eventually, when higher amounts of mass are used (on the scale of 
kilograms), the specific energy consumption shows practically constant values. The 
implication of this result is that, when a microwave system is not used at its maximum 
sample load capacity (which will depend on the design of its resonant cavity), there will 
be a significant waste of energy. Moreover, this inefficiency increases the further away 
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the system operates from its maximum capacity. The importance of this cannot be 
underestimated since a microwave system designed to achieve optimum energy 
efficiency working far below maximum capacity will probably display a lower 
efficiency than a system of worse design operating closer to maximum capacity. 
 
 
Figure 5. Conventional and microwave heating mechanisms. 
 
To find a model that can be used to predict the energy consumption of microwave-
driven processes, the energy consumptions of all the processes studied in this work were 
normalized. This has been done with the aim of set a proper comparison between the 
results previously published by other authors [21, 22] and the results obtained in the lab 
and published herein for the first time. To this end, 100% of energy consumption was 
assigned to the energy consumed when the experiments were performed using the 
lowest amounts of sample (∼5 g). This normalization procedure to 100% allows the 
comparison between processes which specific energy consumption differs in several 
order of magnitude (from from 2.5·10-3 to 0.25 W·h/g in the microwave-assisted 
grinding of metallurgical coke to 100 W·h/g in the high temperature heating of 
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carbonaceous materials). The result of this normalization is depicted in Fig. 6. Table 3 
shows the statistical fitting of the experimental data. 
 
 
Figure 6. Normalization of the specific energy consumed in the microwave-assisted 
processes studied. 
 
Table 3. Statistical correlations to the data obtained in the processes studied 
 
Process Temperature (ºC) Correlation(a) R2 
SiC heating 600 365·x-1.1 0.91 
Torrefaction 180 556·x-0.8 0.91 
Water heating 85 267·x-0.8 0.99 
Xerogel synthesis 80 373·x-0.8 0.99 
High temperature carbon 
heating 900 266·x
-0.7 0.99 
Coke grinding - 500·x-1.0 0.99 
(a) The “x” used in the correlations represents the weight of the sample 
 
As can be seen, regardless of the process and the equipment used, the results of the 
normalization are very similar. Particularly remarkable is that even when using 
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extremely different microwave devices, the trends of the energy consumption follow 
almost the same pattern. In all cases, when the process is scaled-up from 5 g to 100 g, 
there is a decrease in specific energy consumption of about 90-95%. Similar 
conclusions, applied only to the case of microwave-assisted organic synthesis, were 
drawn in a study by Moseley and Kappe [13]. This is a result of some considerable 
importance seeing that approximately half of the papers published from which highly 
influential conclusions about energy consumption have been drawn were works that 
used less than 25 g of sample (Fig .1), which would give rise to extremely 
overestimated energy values. However, on the basis of the data obtained in the present 
study at lab-scale, these results can be corrected to draw more accurate conclusions. 
Moreover, the results provided in this work may well help to predict the energy 
consumptions in large-scale microwave-heated processes. To validate this procedure as 
a means of predicting the energy consumption of a large-scale process using data 
obtained at lab-scale, data provided by the carbon gel company Xerolutions, S.L. were 
employed. The microwave used at large-scale has a resonant cavity capable of housing 
40 kg of precursor solution. This equipment is composed of a microwave magnetron 
that operates at 2450 MHz. The experimental data from this process show that during 
the time needed for the gelation and curing to take place, the specific energy 
consumption was 0.29 W·h/g. If the specific energy consumption of the large-scale 
process is compared with the lab-scale process in which 3 kg of precursor solution were 
used (i.e. 0.31 W·h/g), it can be inferred that the specific energy consumption decreases. 
These results confirm that at a larger scale the specific energy consumption will 
continue to decline, although at a more moderate rate, until it becomes almost constant. 
This validates the procedure proposed for application to real industrial data. 
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However, energy consumption is also closely related to another important parameter: 
energy efficiency, which could also vary with the scale. The energy efficiency of 
heating the water was determined, and found to follow the inverse trend to that of 
energy consumption (Fig. 7). As the amount of sample increases, the energy efficiency 
also increases, approaching an asymptotic value close to 30%. The low efficiency at 
lower amount of water is due to the fact that higher reflected power is attained and even 
heating losses by convection from water to the surrounding air are more favored 
because of the higher surface area, leading to a higher rate of heat losses compared to 
the heat generation rate. These results agree with similar results obtained by other 
researchers in the unimode microwave heating of demineralized water [16], reinforcing 
the idea that, with independence of the mode of heating and the configuration of the 
equipment used, the microwave heating present the same general trend in terms of the 
variation of the energy efficiency with the increase of the scale. Although this might 
seem a low value, it has to be considered that the device used was a lab-equipment not 
specifically designed for maximizing energy efficiency. A more appropriate geometry, 
field distribution or isolation would improve this value. In the other cases studied this 
task is not as straightforward for various reasons such as the complex chain of reactions 
involved in the gelation and curing of R/F xerogels or the geometry of the reactor used 
in the high temperature heating of carbon materials. In the case of the torrefaction of 
wheat straw, the authors did not study the change in efficiency with the scaling-up, 
although they arrived at the conclusion that the efficiency of this process was 1.5 times 
higher than that of the process carried out by conventional heating. This result points to 
the potentially better energy performance of microwave heating over conventional 
heating in certain processes. 
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Figure 7. Energy efficiency in the microwave heating of water. 
 
4. Conclusions 
 
The energy efficiency of microwave heating technology depends to a large extent on the 
scale of the process. It was found that, regardless of the process, the equipment used, 
and the operating conditions, the variation in energy consumption (i.e., absorbed and 
reflected energy considering heating losses) follows the same trend depending on the 
amount of sample used. When the amount of sample employed is increased from 5 to 
100 g, the specific energy consumption decreases by 90-95%. After this point, although 
the decrease in energy consumption continues, the reduction is not as pronounced. 
Above 200 g, the specific energy consumption remains practically constant. These 
results underline the importance of studying the energy efficiency of a microwave-
driven process using high amounts of sample (about 200 g or more). From the trends 
observed in this work at laboratory scale the energy expenditure of these processes can 
be predicted when applied on a larger scale. 
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